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Wingless Repression of Drosophila frizzled 2
Expression Shapes the Wingless Morphogen
Gradient in the Wing
and Whittle, 1993; Couso et al., 1994). In addition to
these short-range targets of Wg signaling, Distal-less
(Dll) is expressed in a Wg-dependent manner in a much
wider domain centering on the D/V stripe. A series of
elegant experiments by Zecca et al. (1996) and Neumann
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and Cohen (1997b) using loss- and gain-of-functionStanford, California 94305
clonal analysis of Wg signaling components support a
model where Wg directly acts at a distance to activate
Dll transcription. Their data are consistent with a mor-Summary
phogen mechanism where a high level of Wg signaling
is required to activate short-range targets like ac,In Drosophila wing imaginal discs, the Wingless (Wg)
whereas a lower threshold is needed for long-range tar-protein acts as a morphogen, emanating from the dor-
gets such as Dll. They conclude that Wg can act up tosal/ventral (D/V) boundary of the disc to directly define
at least 20 cell diameters away from its site of synthesis.cell identities along the D/V axis at short and long
We have found that the protein distribution of Wg inrange. Here, we show that high levels of a Wg receptor,
the wing disc supports the morphogen model. It hasDrosophila frizzled 2 (Dfz2), stabilize Wg, allowing it to
previously been reported that Wg is present at highestreach cells far from its site of synthesis. Wg signaling
levels in the cells of the D/V stripe expressing wg RNA.represses Dfz2 expression, creating a gradient of de-
The concentration of Wg rapidly decreasesmoving away
creasing Wg stability moving toward the D/V bound-
from the stripe, and after a few cell diameters it is found
ary. This repression of Dfz2 is crucial for the normal at low levels (Couso et al., 1994; Neumann and Cohen,
shape of Wg morphogen gradient as well as the re- 1997a). We show here that these low levels extend up
sponse of cells to the Wg signal. In contrast to other to 25 cell diameters away from the D/V boundary, con-
ligand±receptor relationships where the receptor lim- sistent with the genetic estimate of the range of Wg
its diffusion of the ligand, Dfz2 broadens the range of action. Our data indicate that the Wg morphogen gradi-
Wg action by protecting it from degradation. ent is biphasic, initially displaying a steep decreasing
slope followed by a more gradual decline.
Introduction What factors dictate the distribution of the Wg mor-
phogen? In simple local source-dispersed sink models
Morphogens are defined as localized factors that can (Slack, 1987a), the shape of a morphogen gradient is a
diffuse and, in a concentration-dependent manner, di- function of the rate of diffusion of the morphogen away
rectly specify different cellular identities among a group from the site of synthesis and its rate of degradation.
of cells. This concept has long held attraction for devel- However, modeling assuming a constant diffusion and
opmental biologists because it offers an economical degradation rate across the D/V axis cannot explain the
explanation for complex pattern formation (reviewed in observed biphasic nature of the Wg gradient. One must
postulate an initial slow rate of diffusion and/or rapidSlack, 1987b; Lawrence and Struhl, 1996; Neumann and
turnover of the protein close to the D/V boundary, withCohen, 1997a). Because sequential signaling cascades
greater diffusion rates and/or slower degradation furtherare not easily ruled out, the existence of morphogens
from the source of Wg. We present evidence that thein multicellular developmental fields has been difficult
rate of Wg turnover does decrease at a distance fromto prove (Neumann and Cohen, 1997a). At present, one
the boundary. This modulated degradation is mediatedof the best examples of a morphogen is Wingless (Wg),
by Wg-dependent regulation of the expression of Dro-a Drosophila melanogaster member of the Wnt family
sophila frizzled 2 (Dfz2), a member of the Frizzled familyof proteins (Zecca et al., 1996; Neumann and Cohen,
of cell surface receptors.1997b).
Dfz2 has been shown to act as a Wg receptor in cul-Wg is required for many cell fate decisions during
tured cells (Bhanot et al., 1996). We show here thatembryonic and larval development (reviewed in Klingen-
Dfz2 expression in the wing is inhibited by Wg signaling.smith and Nusse, 1994), and it has been suggested to
Uncoupling of Dfz2 repression by Wg results in elevatedact as a morphogen in several contexts (Bejsovec and
levels of Wg far from its site of synthesis due to in-Martinez Arias, 1991; Struhl and Basler, 1993; Hoppler
creased stability, as well as a dramatic expansion of Wgand Bienz, 1995; Lawrence et al., 1996). However, the
target gene expression. Thus, Wg regulation of Dfz2best documentation of such a role is in wing imaginal
creates a negative feedback loop in which newly se-
discs, the progenitors of adult wings (Zecca et al., 1996;
creted Wg is very unstable until it moves away from the
Neumann and Cohen, 1997b). In this tissue, wg is ex-
D/V boundary to cells expressing a higher level of Dfz2.
pressed in a narrow stripe of four to five cells straddling We find no evidence for Dfz2 influencing the rate of Wg
the dorsal/ventral (D/V) boundary of the disc (Baker, diffusion and propose that the differential stability of Wg
1988; Williams et al., 1993; Couso et al., 1994). Wg acti- explains both the initial steep slope and the subsequent
vates the expression of several genes adjacent to the plateau of the Wg gradient. We conclude that the inter-
stripe, including theproneural gene achaete (ac) (Phillips action between Wg and Dfz2 plays a crucial role in shap-
ing the Wg morphogen gradient and determining the




Wg Signaling Inhibits Dfz2 Expression
Dfz2 has previously been shown to bind and transduce
the Wg signal in cell culture (Bhanot et al., 1996). To
examine its role in vivo, we examined its expression
pattern in the developing wing. In the wing pouch, the
region of the disc destined to become wing blade, Dfz2
is expressed in an inverse pattern to that of Wg, with
the lowest levels found at the D/V boundary (Figures
1A and 1B). This pattern is Wg-dependent, since Dfz2
expression near the D/V stripe is derepressed when Wg
activity is blocked for 24 hr in wgts discs (Figure 1D)
compared to wgts discs at the permissive temperature
(Figure 1C). To extend these findings, we utilized the
Gal4/UAS system of Brand and Perrimon (1993) to ex-
press deleted versions of two Wg signaling components,
armadillo and dTCF, which constitutively activate (armact;
Pai et al., 1997) or inhibit (dTCFDN; van de Wetering et
al., 1997) Wg signaling. Expression of armact throughout
the wing pouch represses Dfz2 expression (Figure 1E),
while expression of dTCFDN in a Patched (Ptc) pattern
(i.e., a stripe that runs perpendicular to the D/V wg stripe
at the anterior/posterior boundary) leads to derepres-
sion of Dfz2 within the Ptc domain (Figure 1F). Thus, Wg
signaling is responsible for the lower expression of Dfz2
near the D/V boundary.
Uniform Expression of Dfz2 in the Wing Pouch
Expands Wg Target Gene Expression
To test whether wg-dependent repression of Dfz2 ex-
pression is important for normal wing development, we
misexpressed Dfz2 using UAS-Dfz2 lines crossed tovar-
ious Gal4 drivers (Brand and Perrimon, 1993). Figure
2 shows the consequences of placing Dfz2 under the
control of 1J3-Gal4. We found that this Gal4 driver is
expressed in every cell in the wing pouch except those
at the D/V boundary (Figure 2C), and 1J3-Gal4/UAS- Figure 1. Wg Signaling Represses Dfz2 Transcript in Wing Imaginal
DiscsDfz2 (1J3/Dfz2) expression (Figure 2E) overwhelms the
endogenous graded Dfz2 pattern (Figure 2D). Wing discs were stained for Wg (brown) and Dfz2 mRNA (purple; A
and B) or Dfz2 mRNA alone (C±F). In wild-type discs, the Dfz2 pattern1J3-Gal4 is active in many larval tissues (data not
evolves from mid (A) to late (B) third larval instar, with Dfz2 levelsshown), and 1J3/Dfz2 flies are usually pupal lethal. How-
lowest close to high levels of Wg. (A) shows the anterior (a), posteriorever, adults can be obtained by reducing Gal4 activity
(p), dorsal (d), and ventral (v) orientation of the discs. Note that Dfz2
through lower rearing temperatures or by using UAS- transcripts are low but not absent close to the Wg D/V stripe (arrow).
Dfz2 lines with weaker expression levels due to position This repression of Dfz2 expression is Wg-dependent, since it is
effect variation. In either case, all surviving animals have abolished in wgts discs reared at the restrictive temperature (298C)
for 24 hr prior to fixation (D). Note that wgts discs reared at 168C (C)ectopic bristles on their wing blades (Figures 2A and
had a Dfz2 pattern similar to wild-type. 71B/armact discs, which2B). These sensory organs are normally only found at
constitutively activate Wg signaling throughout the wing pouch,the wing margin, the adult structure corresponding to
result in much lower Dfz2 levels (E). In Ptc/dTCFDN discs (F), where
the D/V boundary, and depend on Wg activity for their Wg signaling is blocked in a narrow stripe perpendicular to the D/V
formation (Phillips and Whittle, 1993; Couso et al., 1994). boundary, derepressed levels of Dfz2 are observed where the Ptc
The ectopic bristles in the anterior compartment were domain is predicted to be (arrow).
almost always of the slenderor chemosensory type (Fig-
ure 3B), though an occasional stout bristle is also ob-
served (data not shown). In the posterior compartment, genes such as ac, whose expression is wg-dependent
(Phillips and Whittle, 1993; Couso et al., 1994). ac isthe extra bristles are similar to the noninnervated ones
found at the posterior margin. This ªhairy wingº pheno- initially expressed at mid-third instar in the anterior com-
partment in a stripe on each side of the D/V boundary.type was also seen with other Gal4 drivers, such as 71B
and 69B, which are also expressed in the developing The cells destined to become bristle precursors gradu-
ally accumulate Ac to higher levels than their neighborswing blade (data not shown).
The slender and chemosensory bristle cell fates are (Campuzano and Modolell, 1992; see Figure 2F). Consis-
tent with the hairy wing phenotype, 1J3/Dfz2 discs havedetermined during the third larval instar by proneural
Shaping the Wingless Morphogen Gradient
769
Figure 2. Ectopic Expression of Dfz2 through-
out the Wing Disc Causes an Expansion of
Wg Target Gene Expression, Resulting in
ªHairyº Wings
1J3/Dfz2 animals are pupal lethal when reared
at 298C, but at lower temperatures some es-
capers with wings containing ectopic bristles
(arrows) are obtained (A and B). The 1J3-Gal4
enhancer trap is active at high levels through-
out the wing except in the wg producing cells
at the D/V boundary, as demonstrated by 1J3/
lacZ discs stained for lacZ (red) and cut
(green), a marker for the D/V boundary (C). At
298C, 1J3/Dfz2 discs stained for Dfz2 tran-
scripts revealed that the endogenous spatial
pattern of 1J3/lacZ controls (D) is over-
whelmed by the transgenic Dfz2 (E). (F)±(I)
show that discs immunostained for the Wg
targets Ac (green; F±G) and Dll (red; H±I) have
significantly expanded expression domains
in 1J3/Dfz2 (G and I) compared to 1J3/lacZ
controls (F and H; compare arrows in [H] and
[I]). Note that, in addition to fully penetrant
elevated Dll expression away from the D/V
boundary, Dll levels near the source of Wg
are higher in (I) compared to (H). This effect
was seen approximately half of the time. Bar
in (G), 25 mM; in (I), 100 mM.
a dramatic increase in cells expressing high levels of 2H and 3C). In 1J3/Dfz2 discs, the higher expression
levels of Dll are seen much further from the stripe (FigureAc (Figure 2G). These cells are found at a greater dis-
tance from the D/V stripe than in controls and presum- 2I) than in controls (Figure 2H; see arrows). Thus, misex-
pression of Dfz2 at high levels throughout the wingably cause the ectopic bristles seen in adult wings.
In the morphogen model of Wg action in the wing pouch expands the domains of both short- and long-
range Wg targets.blade (Zecca et al., 1996; Neumann and Cohen, 1997b),
ac is an example of a short-range target, requiring high
levels of Wg signaling to be expressed. As was found The Dfz2 Phenotype Is Wg-Dependent,
and a Truncated Form of Dfz2for ac, the expression domain of another short-range
target, Delta (Dl), normally expressed in a narrow stripe Blocks Wg Signaling
The increased activationof Wg targetsby misexpressionon either side of the wg stripe (Micchelli et al., 1997), is
much broader in 1J3/Dfz2 wing discs (data not shown). of Dfz2 could be due to a heightened response of the
cells to the Wg signal, or a constitutive activation ofThe model also states that Wg acts directly on long-
range targets, such as Dll, which require less Wg signal- the signaling pathway. To address this, we examined the
effect of Dfz2 misexpression in discs from wgts mutantsing for activation and thus are normally expressed in
wider domains centered on the D/V boundary (Zecca et reared at the restrictive temperature. Both Ac and Dll
expression were dramatically reduced in these discsal., 1996; Neumann and Cohen, 1997b). Dll is expressed
at highest levels close to the Wg stripe and then at (Figure 3B) to levels seen in wgts discs grown under the
same conditions. This indicates that the primary effectprogressively lower levels at further distances (Figures
Cell
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Figure 3. Wg Signaling Is Activated by Full-
Length Dfz2 and Blocked by a Truncated Dfz2
Containing only the Extracellular Domain
All discs were stained for Ac (green) and Dll
protein (red; overlap is yellow). The expanded
expression of Ac andDll observed in 1J3/Dfz2
discs is Wg-dependent, since their levels are
dramatically decreased in 1J3/Dfz2 discs in
a wgts background reared at the restrictive
temperature of 298C (n 5 6) for 24 hr prior
to fixation (B) compared to 1J3/Dfz2 discs
reared the same way (A). In discs expressing
GPI-Dfz2 throughout the wing pouch using
the 69B-Gal4 driver, Ac and Dll expression
are also dramatically reduced (D) compared
to 69B-Gal4/UAS-lacZ discs (C) where their
patterns are identical to wild-type. The re-
maining Ac expression in (B) and (D) is not
Wg-dependent (Phillips and Whittle, 1993).
Bars, 100 mM.
of Dfz2 misexpression is to potentiate the ability of Wg culture (Bhanot et al., 1996) but should not be able to
transduce thesignal to intracellular targets, since it lacksto signal to target cells.
The 1J3/Dfz2 experiments suggest that Dfz2 can the seven transmembrane and intracellular domains.
Therefore, if Dfz2 and Wg can interact in vivo, GPI-transduce the Wg signal in the wing. Presumably, as
has been shown incell culture, this occurs throughdirect Dfz2 should block Wg signaling by binding the protein
nonproductively.binding (Bhanot et al., 1996). To examine this in more
detail, we expressed in flies an altered Dfz2 cDNA pre- Expression of GPI-Dfz2 in the wing pouch does abol-
ish the expression of the Wg targets ac and Dll (Figuredicted to encode the extracellular domain anchored to
the cell surface via a glycerol-phosphatidyl inositol link- 3D) and causes severe notching of the wings in adults
(data not shown). Experiments in the embryo and eyeage. This truncated protein (GPI-Dfz2) binds Wg in cell
Figure 4. Ectopic Expression of Dfz2 or GPI-Dfz2 Leads to Posttranscriptional Accumulation of Wg
Wing discs were stained for Wg protein (green) and wg RNA (red; overlap is yellow). Ptc/lacZ (A) discs display a wild-type pattern with protein
levels dropping off rapidly outside the RNA expression domain but with a punctate signal extending a considerable distance. Identical results
were obtained with 1J3/lacZ (data not shown). 1J3/Dfz2 discs have high levels of Wg several cell diameters away from the RNA stripe (B).
The effect is even more dramatic in 1J3/GPI-Dfz2 discs, where Wg is found almost throughout the presumptive wing pouch (C). Ptc/GPI-Dfz2
discs have a remarkable posttranscriptional elevation of Wg in the Ptc domain (D). This Wg colocalizes with GPI-Dfz2 (the GPI-Dfz2 protein
contains a myc epitope and was detected with a monoclonal anti-myc antibody) at the cell surface (F). (E) shows Myc (red) and Wg (green)
costaining. Wg from the dorsal hinge region (h) abruptly stops at the fold between the hinge and wing blade primordia (top slender arrow).
The cells in the fold (which lies below the focal plane; fat arrow) contain similar levels of Myc staining as seen along the rest of the A/P border.
A similar block in Wg movement is also seen at the more proximal fold (lower slender arrow) and the ventral hinge region (data not shown).
(B)±(F) are a more apical optic section than (A), so the endogenous punctate pattern seen in (A) is not visible. Bar in (D), 50 mM; bar in (F), 10 mM.
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indicate that GPI-Dfz2 efficiently blocks Wg signaling in
these tissues as well (Cadigan et al., unpublished data).
These data are consistent with the hypothesis that Dfz2
is a physiologically relevant Wg receptor.
Misexpression of Dfz2 Alters Wg Distribution
by Increasing Its Stability
Wg is normally found at high levels in the cells express-
ing wg RNA but drops off sharply moving away from
the stripe (Couso et al., 1994). Previously, it has been
reported that Wg is undetectable more than 10 cell diam-
eters from the D/V boundary (Neumann and Cohen,
1997a). Using an affinity-purified Wg antibody (Bhanot
et al., 1996), we find that low levels of Wg are still de-
tected up to 25 cell diameters away from the site of
secretion (Figures 4A and 6F). This Wg signal is punctate Figure 5. Western Blot Analysis Demonstrates Elevated Levels of
and favors the apical portion of the epithelium. It is not Wg in Discs Ectopically Expressing Dfz2 or GPI-Dfz2
seen in wgts discs grown at the restrictive temperature Cell extracts of approximately 15 imaginal discs were subjected to
(Figure 6G), indicating that it is due to Wg and not a Western blot analysis with monoclonal antibodies against Wg (top
panel) or a-catenin (bottom panel) as a loading control. Extractscross-reaction artifact. Thus, the physical distribution
were as followed: lane A, 1J3/lacZ and lane B, 1J3/Dfz2, rearedof Wg is consistent with the genetic evidence that it
continuously at 298C; lane C, 1J3/lacZ; lane D, 1J3/GPI-Dfz2; lanecan directly affect gene expression over long distances
E, Ptc/lacZ; lane F, Ptc/Dfz2; lane G, Ptc/GPI-Dfz2, all reared at
(Zecca et al., 1996; Neumann and Cohen, 1997b). 188C and then 298C for 24 hr before dissection. The signal was
Misexpression of Dfz2 or GPI-Dfz2 causes a dramatic quantitated by densitometry, and the ratio of Wg/a-catenin signal
posttranscriptional spread of Wg, with 1J3/Dfz2 discs (in arbitrary units with the control lanes A, C, and E normalized to
1.0) were as follows: lane B, 1.7; lane D, 5.6; lane F, 1.3, and lanehaving high levels of Wg several cell diameters away
G, 2.2. The control units in lanes C and E are 52% and 44% of thatfrom the RNA stripe (Figure 4B; the RNA stripe is some-
in lane A.what wider than normal for reasons that are unclear).
The effect is more pronounced with GPI-Dfz2 (Figure
4C), and Wg can be found at moderately high levels a Wg null mutation (van den Heuvel et al., 1993) in a 1J3
or Ptc/GPI-Dfz2 background. As seen in Figures 6A and20±25 cell diameters away in Ptc-Gal4/UAS-GPI-Dfz2
(Ptc/GPI-Dfz2) discs (Figure 4D). We are unable to detect 6B, large clones lacking the ability to make Wg still
accumulated the protein to levels seen in adjacent Wg-Dfz2 adequately with immunostaining, but GPI-Dfz2
contains a myc epitope, allowing its detection. Figure producing tissue. This indicates that the Wg in the
clones must have diffused from another location. Evi-4F shows that in Ptc/GPI-Dfz2 discs, GPI-Dfz2 and Wg
colocalize at the cell surface. dence that this source is the D/V stripe comes from the
data in Figures 6C±6E. Random clones of cells express-We used Western blot analysis to measure the appar-
ent accumulation of Wg in these wing discs (Figure 5). ing Gal4 under the control of an actin promoter (Pignoni
and Zipursky, 1997) were made in a UAS-Dfz2 back-1J3/Dfz2 and 1J3/GPI-Dfz2 discs had 1.73 and 5.63
more Wg than controls, respectively (in a separate ex- ground. When the clones were induced 24 hr prior to
fixation, a time when the overall expression pattern ofperiment, the differences were 2.13 and 2.73, respec-
tively). Ptc/GPI-Dfz2 also had 2.23 its control. The differ- wg has faded and the D/V stripe has emerged (Rulifson
et al., 1996) (Figure 2A), Dfz2-expressing cells up toences roughly reflect the increases in immunostaining
shown in Figure 4. While we cannot rule out that some 12 cell diameters away from the stripe accumulate Wg
(Figure 6C). Induction of clones 3.5 days before fixationof the increased Wg staining is due to better fixation of
Wg, the Western analysis indicates that discs express- did not alter the distance from the stripe at which ele-
vated levels of Wg was observed (Figure 6E), suggestinging Dfz2 or GPI-Dfz2 do contain more Wg than normal.
When direct comparisons with the same Gal4 driver that the earlier expression pattern of wg had not signifi-
cantly contributed to the effect on Wg seen at the latecould be made, we always saw a greater accumulation
of Wg with GPI-Dfz2 compared to Dfz2 (Figures 4B, 4C, stage. Taken together, these data suggest that the
graded accumulation of Wg seen on the Dfz2 or GPI-and 5; Figure 6C legend). This could simply be due to
a higher amount of truncated receptor present or caused Dfz2±overexpressing cells was derived from the D/V
stripe.by the inability of GPI-Dfz2 to internalize Wg after
binding. The immunostaining and Western analysis indicate
that high levels of Dfz2 or GPI-Dfz2 stabilize Wg. WeIn early third larval instar, about 48 hr prior to the
stage shown throughout this paper, wg is expressed sought to determine whether the accumulation of the
protein so far from its site of synthesis is also due tothroughout the entire wing pouch (Phillips and Whittle,
1993; Williams et al., 1993). Thus, the accumulation of increased diffusion or transport. At a given distance
from the source of Wg at the D/V boundary, cells inWg could be due to a posttranscriptional stabilization
of this earlier pattern, rather than stabilization of Wg clones expressing Dfz2 have the same levels of elevated
Wg (arrows in Figures 6D and 6E) whether or not thetraveling from the D/V stripe at late third instar. To ad-
dress this, we induced clones of cells homozygous for clone is in contact with D/V stripe. Since high levels of
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Dfz2 near the Wg source are not required for Wg to
accumulate many cell diameters away, this argues that
the increased Dfz2 expression is not enhancing move-
ment of Wg.
While Dfz2 does not appear to facilitate the diffusion
of Wg directly, its ability to protect Wg from degradation
can indirectly promote the movement of Wg. This is
demonstrated in Figure 6H, where Wg protein is seen
at higher than normal levels in the proximal region of
Ptc/GPI-Dfz2 discs, adjacent to the Ptc expression do-
main. The data strongly suggest that the Wg is derived
from the GPI-Dfz2±expressing cells. Presumably, some
Wg can dissociate from GPI-Dfz2 and diffuse to neigh-
boring cells.
Uncoupling the Endogenous Dfz2 Gene from Wg
Regulation Alters Wg Distribution
The data presented thus far are based on expression
of an artificial protein (GPI-Dfz2) and heterologous pro-
moters that express Dfz2 at higher than normal levels.
Therefore, we manipulated endogenous Dfz2 levels by
activating or inhibiting Wg signaling and determined the
effect on Wg levels. Expression of dTCFDN, which blocks
Wg signaling (van de Wetering et al., 1997), in the poste-
rior compartment of wing discs results in derepressed
levels of Dfz2 transcripts (Figure 7A) and accumulation
of Wg outside the RNA expression domain (Figure 7B).
Clones mutant for dishevelled (dsh) activity, which lack
Wg signaling (Couso et al., 1994; Klingensmith et al.,
1994), also have a similar accumulation of Wg (Figure
7C). Conversely, clones lacking zeste white 3 (zw3; also
known as shaggy), which constitutively activate Wg sig-
naling (Siegfried et al., 1992; Blair, 1994) and are pre-
dicted to have repressed Dfz2 levels, have less Wg in-
side them compared to surrounding tissue (Figure 7D).
These results show that Wg signaling has a negative
effect on the accumulation of Wg, which can be ex-
plained by its ability to inhibit Dfz2 expression.
Discussion
There is abundant evidence implicating Frizzleds as Wnt
receptors (reviewed in Cadigan and Nusse, 1997), and,
in cell culture, the Frizzled family member Dfz2 can func-
tion as a Wg receptor (Bhanot et al., 1996). In flies,
Figure 6. The Accumulated Wg Is Derived from the D/V Stripe and
misexpression of full-length Dfz2 results in stabilizationTravels by a Mechanism that Appears Not to Be Dfz2-Dependent
of Wg and the expansion of Wg target gene expressionDiscs were stained for Wg (green) and where indicated, lacZ (red).
(A) and (B) show wg mutant clones, marked by the absence of lacZ
(borders of clones indicated in white) in a 1J3/GPI-Dfz2 (A) and Ptc/
GPI-Dfz2 (B) disc. Clones at the D/V boundary abolish Wg expres-
sion (arrowhead in [B]) but no effect on Wg levels were observed [E] to more clearly show the ectopic Wg in [D]). Five clones of each
in any of the 12 large clones outside the wg RNA-expressing domain type were examined with similar results. Clones of GPI-Dfz2 induced
examined (arrows). at this early time prevented wing blade formation. (F) and (G) show
(C) shows that random clones (marked by the presence of lacZ) Wg patterns in wild-type (F) and wgts (G) discs reared at the restric-
expressing Dfz2 from the actin 5c promoter accumulate Wg to high tive temperatures for 12 hr prior to fixation. The punctate Wg signal
levels up to 8 cells from the D/V stripe and higher than normal levels seen at a distance from the site of synthesis in wild-type (arrows)
until 12 cell diameters away. The clones were induced at 24 hr prior is absent in the wgts disc (the RNA stripe in wgts discs is approxi-
to fixation and did not contain wg RNA (data not shown). Clones mately twice as wide as controls due to Wg negative regulation of
expressing GPI-Dfz2 accumulated high levels of Wgto 12 celldiame- its transcription; see Rulifson et al. 1996).
ters away from the stripe (data not shown). (H) shows a Ptc-Gal4/1; UAS-GPI-Dfz2/UAS-lacZ disc. Note that
(D) and (E) show larger actin/Dfz2 clones (borders of clones indi- there is higher than normal Wg staining in the cells adjacent to
cated in white) induced at first larval instar. The arrows indicate the posterior border of the Ptc domain (marked by lacZ staining),
approximately 12 cell diameters from the wg RNA expression do- indicating that Wg is able to diffuse away from the GPI-Dfz2±
main, and actin/Dfz2 cells at this distance have similar levels of Wg expressing cells in which it accumulates. Bar in (B), 100 mM; bars
(note that the gain of the confocal was set higher for [D] than in (E) and (G), 25 mM.
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as Dll. In this paper, we demonstrate that the expression
of Dfz2 is repressed by Wg. This regulation is important
for normal wing development, since overriding it with
exogenous Dfz2 causes a marked expansion of the do-
mains of both short- and long-range Wg targets (Figure
2). This effect is strictly dependent on wg activity (Figure
3B), indicating that misexpression of Dfz2 increased the
level of signaling by the Wg morphogen.
This increase in target gene activation may in part be
caused by the dramatic effect that Dfz2 misexpression
has on Wg distribution. Uniformly high levels of Dfz2
cause an increase in the amount of Wg found in or on the
Dfz2-expressing cells, even at considerable distances
from the D/V stripe (Figures 4, 6, and 7). This accumula-
tion as judged by immunostaining was confirmed by
Western analysis (Figure 5). The effect is predominantly
posttranscriptional (Figures 4 and 7B), as well as post-
translational, since the effect is still robust in clones
of Dfz2-expressing cells not in contact with the cells
expressing wg (Figure 6C). Therefore, Dfz2 protects Wg
from degradation, presumably by direct binding. How-
ever, this binding is reversible, since higher than normal
levels of Wg can be found adjacent to cells expressing
the truncated form of Dfz2 (Figure 6H).
We propose that the ability of Dfz2 to stabilize Wg,
combined with the Dfz2 expression pattern, plays a ma-
jor role in shaping the Wg morphogen gradient. Wg con-
centration initially decreases rapidly moving away from
Figure 7. Wg-Dependent Regulation of Dfz2 Is Required for Normal the D/V boundary but then plateaus at a low level (Fig-
Wg Distribution ures 4A and 6F). Our data support a model where Wg
Wing discs from En/dTCFDN larvae were stained for Dfz2 RNA (A) or is normally able to travel up to 25 cell diameters away
Wg (green) and wg RNA (red; [B]). The cells expressing the dTCFDN from its source, consistent with genetic data on the
in (B) were also marked with lacZ (data not shown) and are to the
range of action of Wg (Zecca et al., 1996; Neumann andright of the white line. The Wg stripe is dramatically wider in the
Cohen, 1997b). This diffusion/transport of Wg does notdTCFDN cells and is found beyond the RNA stripe (arrows). These
cells have levels of Dfz2 transcripts only normally seen at a distance appear to be enhanced by increased Dfz2 levels (Figures
from the D/V boundary (A). 6C±6E). However, the distribution of Dfz2 creates a situ-
(C) shows a dsh mutant clone (marked by the absence of myc ation where Wg is unstable near the D/V boundary and
staining indicated by the white lines). Wg expands a considerable
more stable at further distances (Figure 8). High levelsdistance in the clone, presumably due to elevated Dfz2 expression.
of Dfz2 near the boundary, through expression of a(D) shows that a zw3 clone (marked by the absence of lacZ indicated
transgene (Figure 4B) or derepression of the endoge-by the white lines), which is predicted to repress Dfz2 expression,
has a lower amount of Wg compared to cells outside the clone. nous Dfz2 genes, stabilizes Wg so that elevated levels
Nine other clones of similar size also showed this effect. Bar in (A), are observed. Repression of Dfz2 expression away from
100 mM; other bars, 10 mM. the boundary, via activation of the Wg signaling path-
way, destabilizes Wg, resulting in lower levels found in
these cells (Figure 7D). Thus, Dfz2-mediated stabiliza-
in a Wg-dependent manner. Moreover, the extracellular tion of Wg can, in large part, explain the biphasic nature
domain of Dfz2 efficiently blocks Wg signaling and colo- of the Wg morphogen gradient.
calizes at the membrane with stabilized Wg, which It is not clear whether the effect of Dfz2 misexpression
strongly suggests in vivo binding. The effects of Dfz2 on Wg target genes is due solely to the elevation of Wg
on Wg distribution and target gene expression do not levels available to the target cells. It is also possible that
occur with the closely related protein, Frizzled (Cadigan the cells are more responsive to the Wg signal due to the
et al., unpublished data), indicating specificity of Dfz2 higher levels of a Wg receptor. However, the stainings of
for Wg signaling. While these results do not conclusively Dfz2 transcripts shown in Figure 1 are nonquantitative,
demonstrate that Dfz2 is a physiological receptor for and we do not knowhow many molecules of Dfz2 mRNA/
Wg, they are consistent with that hypothesis. cell are present, only that there are fewer near the D/V
boundary than in more distal cells. There may already
Wg-Mediated Repression of Dfz2 Expression be a saturating level of Dfz2 receptor (in regard to trans-
Shapes the Wg Morphogen Gradient ducing the Wg signal) even at the boundary, with Wg
A strong case has been made that Wg secreted at the the factor in limiting supply. Whether the effects seen
D/V boundary of the presumptive wing blade in wing are primarily through regulating the responsiveness of
imaginal discs operates as a morphogen (Zecca et al., cells to Wg or by modulating the amount of Wg ligand,
1996; Neumann and Cohen, 1997b), with short-range it is clear that the Dfz2 differential expression is required
for the normal level of activation of Wg targets.targets including ac and Dl, and long-range targets such
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low Dfz2 receptor levels, limits the distance at which
Wg can activate short-range targets such as ac (Fig-
ure 8).
Though the biochemical mechanisms differ, the gen-
eral strategy of negative feedback is a recurring theme
for signaling molecules in Drosophila developmental
fields. There are now several examples in flies where
unrelated secreted signals induce the transcription of
genes encoding proteins that inhibit the signaling path-
way. These include spitz and argos (Golembo et al.,
1996; Freeman, 1997), decapentaplegic, and daughters
against dpp (Tsuneizumi et al., 1997), as well as branch-
less and sprouty (Hacohen et al. 1998). In addition,
Hedgehog (Hh) activates the expression of the patched
(ptc) gene in the wing disc (Capdevila et al., 1994; Tabata
and Kornberg, 1994), and evidence has been presented
Figure 8. Wg Repression of Dfz2 Helps to Shape the Wg Gradient that Ptc blocks the diffusion of Hh (Chen and Struhl,
and Response Profile
1996). Patched proteins are thought to be receptors for
The D/V axis of the wing is shown schematically. The Wg gradient
Hedgehog family members (Marigo et al., 1996; Stone(blue line) has a very steep slope (A) moving away from the D/V
et al., 1996). Thus, Hh limits its range of action in theboundary (the site of Wg synthesis) but then levels off after reaching
opposite way as Wg, by inducing rather than repressinga low level and extends for a considerable distance (B). The model
states that Wg repression of Dfz2 transcripts (pink line) near the a receptor's expression. As is the case in metabolic
D/V boundary creates an environment where Wg has a short half- pathways, these feedback circuits may be a general
life, leading to the steep slope. However, the small amount of Wg that principle in the homeostatic regulation of signaling lev-
reaches the distal regions containing higher Dfz2 levels is stabilized,
els during development.leveling off the slope. The steep slope restricts the expression do-
main of short-range targets such as Ac (green lines), and the distal
stabilization allows Wg to activate long-range targets, such as Dll
Ligand Sequestration by Receptors(red line). It is also possible that target gene domains are in part
determined by a differential responsiveness of the cells to the Wg While the Wg/Dfz2 regulatory circuit joins the other re-
signal, due to the Dfz2 receptor gradient. The mechanism of Wg cently described feedback loops to from a common
diffusion and/or transport is suggested not to be directly dependent theme, the fact that high levels of the Dfz2 receptor
on Dfz2.
promote the spread of its ligand (through inhibition of
Wg turnover) is contrary to other reported examples. In
addition to the Hh/Ptc example described above (ChenMisexpression of Dfz2 in leg imaginal discs also alters
Wg distribution and disrupts leg development (M. F., and Struhl, 1996), there is also evidence that the Toll
and Torso receptors act to sequester their respectiveK. C., and R.N., unpublished observations). This sug-
gests that regulated levels of Dfz2 may be generally ligands, SpaÈ tzle and Trunk, limiting signaling to the ven-
tral or terminal portions of the early fly embryo (Stein etimportant for Wg action, at least in imaginal discs.
al., 1991; Casanova and Struhl, 1993). Also, the Let-23
receptor is thought to limit the diffusion of its ligand,Wg Diffusion/Transport
The mechanism of Wg transport in the wing blade re- Lin-3 in the worm (Hajnal et al., 1997). However, under
no conditions of Dfz2 overexpression did we observe amains unclear. However, we did find evidence for a block
in Wg movement at the folds that separate the presump- block of Wg diffusion.
Why is Wg/Dfz2 different from the other cases? Ac-tive hinge region from that of the wing blade proper
(Figure 4F). The nature of this barrier is not known. Its cording to standard binding theory, the following three
conditions would favor the majority of ligand bindingexistence does explain why Wg expressed in the hinge
region is not required for patterning the wing blade (Neu- to its receptor: high affinity binding, a high number of
binding sites, and a concentration of ligand below themann and Cohen, 1996) and why the Dll promoter only
responds to Wg from the D/V stripe (Zecca et al. 1996; Kd (Hulme and Birdsall, 1992). For the specific ligand±
receptor pairs under discussion, these factors have notNeumann and Cohen, 1997b).
been determined. However, of the ligands that are
thought to be sequestered by their receptors, two (Lin-3Negative Feedback Circuits in Cell Signaling
Previously, it has been shown that Wg down-regulates and Trunk) are predicted by sequence homology to re-
quire proteolytic processing for maturation (Hill andits own transcription in the wing pouch to narrow the
RNA stripe at the D/V boundary (Rulifson et al., 1996). Sternberg, 1992; Casanova et al., 1995), and processing
has been shown experimentally for the other two. TheIn this paper, we present evidence for an additional
negative feedback loop where high levels of Wg signal- processed form of SpaÈ tzle is present at less than 1%
of precursor levels (Morisato and Anderson, 1994), indi-ing repress Dfz2 expression. Because Dfz2 is required
for Wg stability, the protein has a short half-life near the cating that processing is rate limiting. The processing
is more efficient for Hh but results in a mature form thatD/V stripe. This causes a rapid decrease in Wg concen-
tration a few cell diameters away from the boundary. is covalently linked to cholesterol (Porter et al., 1996b).
This form of Hh is predominantly cell-associated, andThis drop in ligand concentration, as well as a possible
reduction in the responsiveness of cells to Wg due to this modification has been shown to be important in
Shaping the Wingless Morphogen Gradient
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P[arm-lacZ] chromosome is described in Vincent and Lawrencelimiting the range of Hh action (Porter et al., 1996a).
(1994). dsh75 clones were made as described in Rulifson et al. (1996).Thus, it may not be surprising that these ligands are
Clones were induced during early second larval instar.sequestered by their receptors, since the amount of
freely diffusible mature ligand in the two casesexamined
In Situ Hybridization and Whole-Mount Immunostainingis likely to be very low.
Dfz2 RNA and Wg antibody/Dfz2 RNA double stainings were done
In contrast to the above examples, after entering the as previously described (Cadigan and Nusse, 1996), except that
secretory pathway, Wg is not thought to require proteo- the in situ hybridization procedure was performed as outlined in
Kozopas et al. (1998). For fluorescent staining of wg transcripts,lytic processing, and significant amounts of biologically
mouse anti-digoxygenin 18 antibody (Boeringher Mannheim) fol-active Wg can be obtained in the media of wg-express-
lowed by anti-mouse Cy3 conjugated 28 antibody (Jackson Re-ing cells (Van Leeuwen et al., 1994; Reichsman et al.,
search) were used to detect digoxygenin-labeled Dfz2 antisense1996). Therefore, the concentration of extracellular Wg probe. A detailed protocol is available upon request.
may simply be too high for sequestration to occur. Whole-mount immunostaining was done as described previously
Clearly, more ligand±receptor pairs must be examined (Cadigan and Nusse, 1996). Affinity-purified rabbit anti-wg antisera
(1:50) was provided by C. Harryman Samos, purified rabbit anti-Dlland the existing ones studied in more biochemical detail
antisera (1:150) was from G. Panganiban, mouse monoclonal anti-to determine what factors govern the nature of their
ac hybridoma supernatant (1:4) was from K. Vorwerk and S. Carroll,relationships.
mouse monoclonal anti-cut hybridoma supernatant (1:20) was from
K. Blochinger, and mouse anti-Delta ascites fluid (1:10,000) was
Experimental Procedures provided by A. Parks and M. Muskavitch. Mouse anti-myc epitope
monoclonal was from the University of Wisconsin Hybridoma Facil-
Fly Stocks ity, rabbit anti-b-galactosidase antisera was from Cappel, and
The pUAS-Dfz2 construct was created by cloning the 2.2 kB XhoI- mouse monoclonal anti-b-galactosidase was from Sigma. FITC,
SpeI fragment of the Dfz2 coding region from pMK33-Dfz2 (Bhanot Cy3, and Cy5 conjugated 28 antibodies were from Jackson Immuno-
et al. 1996) into pUAST (Brand and Perrimon, 1993). The 1.0 kB ClaI- chemicals. All fluorescent pictures were obtained with a Bio-rad
ApaI fragment of pMRK5 (Bhanot et al., 1996) was used for the MRC-1000 confocal laser coupled to a Zeiss Axioscope and pro-
pUAS-GPI-Dfz2 derivative. Both constructs were introduced into cessed as Adobe Photoshop files.
w1118 hosts by P element±mediated transformation using standard
methods (Rubin and Spradling, 1982). Thirteen UAS-Dfz2 and 11
Western Blot Analysis of Imaginal DiscsUAS-GPI-Dfz2 lines were characterized and ranked according to
Discs were dissected from third instar larvae in cold PBS and trans-the strength of the induced phenotypes. A strong UAS-Dfz2 insert
ferred to eppendorf tubes, where they were homogenized in SDSon the third chromosome was used for all subsequent experiments
loading buffer with tight fitting pestles, heated to 1008C for 4 min,except Figures 3A, 3B, 3J, and 3K, where an intermediate strength
and then stored at 2208C until use. Immunoblotting was done asline was used. Three strong UAS-GPI-Dfz2 lines were used and
described by Willert et al. (1997) using mouse monoclonal anti-Wgproduced identical results.
supernatant (1:100) provided by S. Cohen or rat monoclonal anti-The UAS-armact line SC10 and the UAS-dTCFDN line DN4 express-
a-catenin (1:1000; [Oda et al., 1993]) as a loading control. The sec-ing a deleted form of arm (Pai et al. 1997) or dTCF (van de Wetering
ondary antibodies were conjugated to horseradish peroxidase andet al., 1997) were obtained from M. Peifer.
detected with SuperSignal ULTRA Chemiluminescent SubstratewgIL cn bw sp and wgIL br pr mutant chromosomes, which are
(Pierce) using the manufacturer's protocol.viable as transheterozygotes when reared at 168C, were used to
inactivate Wg signaling conditionally at 298C. A SM5a-TM6B com-
Received February 24, 1998; revised April 23, 1998.pound chromosome (from J. P. Couso and A. Martinez Arias) con-
taining the dominant larval marker Tubby was used to identify the
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